Background {#Sec1}
==========

Iron deficiency (ID) and iron deficiency anemia (IDA) are public health problems even in developed countries, especially during childhood \[[@CR1]\]. The prevalence of ID ranges from 2 to 29% in Europe \[[@CR2]\] and between 9.6 and 23.3% in Spain, depending on the age group and geographical area \[[@CR3], [@CR4]\].

Babies are born with high iron stores \[[@CR5], [@CR6]\], which decline progressively during the first 6 months of life, as a result of the rapid growth of the baby \[[@CR7]\]. Processes such as the increasing circulating blood volume, hemoglobin (Hb) formation and brain development require a great supply of iron, and turn the sixth month into a critical point in the infant's health status \[[@CR5], [@CR8]\]. Some researchers argue that it is a natural process known as "physiological anemia of infancy" \[[@CR7], [@CR9]\]. However, because of the important role that iron plays in several physiological processes, some recent researches focus on establishing whether ID and IDA entail a pathological situation in the physical or psychological development of children \[[@CR5], [@CR10], [@CR11]\]. In this regard, a recent systematic review recommends some strategies to reduce IDA in critical periods of early childhood \[[@CR12]\].

Although several authors showed that iron fortification improves the infant's hematological profile \[[@CR13]--[@CR16]\], a systematic review \[[@CR17]\] warned that the evidences are inconsistent. The findings about the effect of iron fortification in young children on their neurodevelopment are also controversial. There were some evidences of a benefits on the children's neurodevelopment and growth following the iron fortification in Chile \[[@CR18]\], China \[[@CR19]\], Indonesia \[[@CR20]\] and several low--income countries, as it was shown by some systematic reviews \[[@CR21]\]. On the contrary, some others \[[@CR22]--[@CR24]\] did not observe advantages in neurodevelopment or growth after iron intervention both in anemic and iron--sufficient healthy children. Even, Lozoff et al. \[[@CR25]\] found worse neuropsychological scores in 10--year--old children who had been fed with formula milk fortified with high iron content (mean, 12.7 mg/L) from 6 to 12 months, compared with those who were fed with formula milk fortified with low doses of iron (mean, 2.3 mg/L). Thus, systematic reviews by Martins et al. \[[@CR26]\] and Wang et al. \[[@CR27]\] did not find sufficient evidence to give a definitive conclusion about the advantages and disadvantages of iron fortification in children. On the other hand, iron is an essential nutrient for the growth of some bacteria so it has been argued that ID may be a defense mechanism against some pathogens and, conversely, it is associated with a worse immune state, which may increase the susceptibility to infection \[[@CR28]\] and, consequently, affect the child's development.

Beyond that, the safety of the higher doses of iron (10--14 mg/L) on babies' health is unclear as state by the ESPGHAN Nutrition Committee \[[@CR29]\]. Given the disagreement about whether the decrease in iron levels in infants is a physiological event or a harmful occurrence, the lack of studies in developed countries and in iron replete infants, and the lack of studies with high doses of iron, our clinical trial assesses the effect of formula milk fortified with the lowest and the highest dose of iron (within the dietary recommendations) between 6 and 12 months of age on the iron--related biochemical status and on the infant's mental and psychomotor development at 12 months.

The aim was to test the hypothesis that doses in the higher range would benefit development in infants.

Methods {#Sec2}
=======

This randomized controlled trial (RCT) on iron fortification between 6 and 12 months of age was carried out in the Hospital Universitari Sant Joan de Reus (Tarragona, Spain). The study was approved by the hospital's Ethical Committee and all parents signed an informed consent in accordance with the declaration of Helsinki. The trial was registered in [ClinicalTrials.gov](http://clinicaltrials.gov) with the ID: NCT02690675.

Study process {#Sec3}
-------------

During the postpartum stay in the hospital, the parents of the children who met the inclusion criteria were informed by the researchers about the possibility of participating in the study. Inclusion criteria: gestational age ≥ 37 weeks, birthweight ≥2500 g, Caucasians and with no known disease. Exclusion criteria: iron metabolism illness, birth defects, immunodeficiency or hypothyroidism, diseases requiring intensive care, families that do not understand Catalan or Spanish and/or with very different eating habits, and having missed some of the study visits.

The intervention with iron--fortified milk was done from 6 to 12 months of age. At 1, 3 and 9 months adherence visits were scheduled. At the 6--month visit, professionals who were not members of the research group used computer programs to randomly assign the children to the low-- (0.4 mg iron/100 mL) or high--iron (1.2 mg iron/100 mL) group, without taking into account any specific parameter. The randomization had a ratio of 1 (low--iron) to 3 (high--iron), based on the hypothesis that low doses of iron could be harmful to children's health and, on the contrary, that high doses (within dietary recommendations) have been reported in previous studies certain benefits on neurodevelopment \[[@CR19], [@CR20], [@CR30]\]. The type of formula milk that the babies took during the clinical trial was monitored. Formula milks were fortified by Laboratorios Ordesa S.L., and the iron content was distinguished by package color (green or red), to which clinical staff and participants were blinded. The doses were the lower and upper limit recommended by ESPGHAN \[[@CR29]\]. All mothers were given the same food and lifestyle advice, regardless of the intervention group.

Data collection {#Sec4}
---------------

At birth, sociodemographic data (age, socioeconomic status \[SES\], parents' education, personal and family medical history) and general characteristics of the mother and newborn (data on pregnancy, type of delivery and sex of the newborn, anthropometric measurements) were collected. The SES of the family (low, medium or high) was assessed using the Hollingshead index \[[@CR31]\]. The mothers answered the State--Trait Anxiety Inventory (STAI) \[[@CR32]\] to inform of the anxiety level in the pregnancy.

Forty eight hours after birth, a blood sample was taken from the infant heel to determine serum ferritin (SF). At 6 and 12 months, as well as standard clinical history data, the following measurements were taken: anthropometric details (weight, length, head circumference), cognitive development (mental and psychomotor development), and biochemistry (serum iron, serum transferrin, SF, Hb and Mean Corpuscular Volume (MCV). Aliquots of plasma and serum were stored in the hospital's laboratory (Laboratori Biobanc--IRCIS) for subsequent measurements. The percentage of transferrin saturation (%TS) was calculated using the serum iron and serum transferrin measurements as reported in Fairbanks et al. \[[@CR33]\] (serum iron μmol/L/serum transferrin g/L × 3.9).

In each visit, pediatricians asked the families about breastfeeding time and the number of infections that the infant may had before the visit. At 6 and 12 months, the parents answered the Parental Stress Index \[[@CR34]\] which reports the effect that parenting has on an their stress level; for this study only the attached subscale was considered.

Since there are no clear criteria about what the normal biochemical parameters of iron status are in children, we defined the following parameters: iron stores at birth were regarded as low when SF \< 25 μg/L, and at 6 and 12 months when SF \< 12 μg/L, and children were considered to have ID when two or more of the following conditions were met: %TS \< 16, MCV \< 70 fL or SF \< 12 μg/L. Children were considered to have IDA when they had ID and Hb \< 11 g/dL. Further, SF is a specific marker that determines whether iron stores are depleted \[[@CR35]--[@CR37]\].

Assessment of neurodevelopment {#Sec5}
------------------------------

The Bayley Scales for Infant Development--Second Edition (BSID--II) \[[@CR38]\] were used to assess mental and psychomotor development. The BSID provides a mental development index (MDI) (to assess memory, habituation, problem solving, early number concepts, generalization, classification, vocalizations, and language and social skills) and a psychomotor development index (PDI) (to assess the control of the gross and fine muscle groups). The BSID was administered at 6 and 12 months at the hospital by two trained developmental psychologists who had an inter--rater reliability of 90%. All the children were accompanied by at least one of the parents during the assessments. The reference population of Bayley has a mean of 100 and SD of 15, so that scores lower than 85 are defined as delayed development.

Statistical analysis {#Sec6}
--------------------

Data are presented as percentages, means or geometric means, and standard deviations. The X^2^ test, the Student T test and the Mann--Whitney U test were used for independent samples. Non--normally distributed variables were logarithmically transformed to normalize the distributions.

Multiple linear regressions were done to explore the effect of the intervention on infant cognitive development (MDI and PDI), adjusted for gender, differences between 6 and 12 months (∆12--6 M) in head circumference, Body Mass Index and SF, mean of PSI between 6 and 12 months, MDI and PDI at 6 months and SES level.

The analyses were done with SPSS for Windows 21.0 and the significance was *p* \< 0.05.

Results {#Sec7}
=======

Of a total of 157 recruited children at birth, 142 were randomized into two groups of intervention and, after the drop--out rate of 7.4% from birth to 6 months and 6.5% from 6 to 12 months, 133 were finally assessed: 105 children in the high--iron group (high--Fe) and 28 in the low--iron group (low--Fe) (Fig. [1](#Fig1){ref-type="fig"}). The loss during follow--up was mainly a lack of collaboration or absence of data. The baseline characteristics of the mothers and the infants were shown for each intervention group in Table [1](#Tab1){ref-type="table"}. Children were non--iron--deficient at birth and had good iron stores, normal anthropometric values and also good Apgar scores. Both, mothers and children were not different according to intervention group in any of the variables, except for the high--Fe group, were mothers had higher anxiety levels and the children had greater length. The time of breastfeeding and the psychological state of the parents at 6 months was not different between iron groups. A total of 34 and 42.3% of children were breastfed or received mixed lactation at 6 months in the high--Fe and low--Fe group, respectively. The children lost (*n* = 9) have the same characteristics as participants. Fig. 1Flowchart of participants Table 1Baseline characteristics of the mothers and infantsINTERVENTIONFormula milk (high dose of Fe) *n* = 105Formula milk (low dose of Fe) *n* = 28pMother Mother age, years31.5 (4.5)32.9 (3.9)0.1334Socioeconomic level, % Low10.53.60.403 Medium53.350 High36.246.4Smokers, %2110.70.179Mode of delivery, % Eutocic65.154.50.222 Forceps16.39 Caesarean18.636.4Primiparous, %52.164.30.268Gestational age, weeks39.6 (1.1)39.4 (1.3)0.538STAI_State14.4 (8.8)11.4 (6.1)0.056STAI_Trait18.1 (9.1)13.9 (6.1)0.028Newborn Weight, g3384.5 (408.0)3237.7 (376.3)0.088 Length, cm49.9 (2.1)48.7 (2.0)0.009 Head circumference, cm34.5 (1.5)34.4 (1.7)0.782 Body Mass Index, kg/m^2^13.6 (1.1)13.8 (1.3)0.573 Serum ferritin, μg/L^\#^244.7 (1.8)200.3 (0.5)0.375 Presence of HFE alteration, %33.328.60.764Apgar 1--109.4 (0.4)9.5 (0.2)0.645Children at 6 months Breastfeeding or mixed lactation, %34.042.30.537 Time of breastfeeding, months2.5 (2.8)2.9 (3.0)0.554 Total Parental Stress Index110.42 (24.3)111.10 (19.0)0.892Data were expressed in Mean (SD) or in %*STAI* State--Trait Anxiety Inventory^\#^Geometric mean

Table [2](#Tab2){ref-type="table"} compares the anthropometric, biochemical and neurodevelopmental values of children from the two intervention groups at 6 and 12 months of age. The intervention with high dose of iron did not modify the anthropometrical development of children nor the infection risk. Also, the high iron formula did not improve iron levels. However, although the prevalence of SF \< 12 μg/L and ID increased from 6 to 12 months in both intervention groups, this increase was lower in high--Fe group than in low--Fe group (SF \< 12 μg/L: 0.4 vs 12.5, *p* \< 0.001; ID: 4.8 vs 12.9, *p* = 0.053). Regarding the prevalence of IDA, it was even reduced in high--Fe group from 6 to 12 months, compared with low--Fe group (− 3.2 vs 4.2, p \< 0.001). At 12 months, comparing with low--Fe group, children fed with high--Fe milk had better scores in MDI (99.1 vs 95.8) and PDI (90.8 vs 86.6), but in no case the difference was statistically significant. Table 2Characteristics of anthropometry, biochemistry and neurobehavioral development at 6 and 12 months, according to the intervention6 MONTHS12 MONTHSVARIATION FROM 6 TO 12 MONTHS ∆ 12--6 monthsFormula milk (high dose of Fe) *n* = 105Formula milk (low dose of Fe) *n =* 28pFormula milk (high dose of Fe) *n* = 105Formula milk (low dose of Fe) *n* = 28pFormula milk (high dose of Fe) *n* = 105Formula milk (low dose of Fe) *n* = 28pWeight, g8051.8 (939.5)7545.0 (715.8)0.00910,143.0 (1218.8)9628.0 (1113.1)0.0482089.5 (562.1)2014.0 (767.2)0.578Length, cm67.7 (2.5)66.3 (2.5)0.01176.2 (2.9)74.4 (2.8)0.0078.5 (2.3)8.3 (1.6)0.636Head Circumference, cm43.7 (1.4)42.9 (0.9)0.00246.5 (1.5)45.7 (1.3)0.0122.8 (0.8)2.8 (0.6)0.912Body Mass Index, kg/m^2^17.5 (1.4)17.2 (1.5)0.22717.5 (1.6)17.4 (1.8)0.872−0.1 (1.1)0.0 (1.3)0.637Hemoglobin, g/dL11.7 (1.0)11.5 (1.0)0.47912.0 (0.7)11.8 (1.0)0.2180.4 (0.8)0.3 (0.9)0.557Mean Corpuscular Volume, fl77.5 (4.0)78.0 (4.6)0.58979.0 (4.0)78.1 (5.4)0.3441.4 (3.2)0.1 (2.3)0.073Serum Iron, μmol/L10.9 (4.5)11.1 (5.2)0.87611.5 (4.6)11.6 (5.0)0.9230.6 (5.6)0.5 (6.4)0.929Serum Ferritin, μg/L^\#^27.7 (2.0)33.4 (2.1)0.02121.5 (1.7)19.1 (1.8)0.001−6.2 (2.0)−14.3 (2.1)0.055Transferrin Saturation, %TS16.3 (7.3)18.7 (9.8)0.18217.0 (6.8)17.1 (9.4)0.9650.6 (8.4)−2.4 (7.0)0.027Serum Ferritin \< 12 μg/L, %\*6.500.4086.912.50.5950.412.5\< 0.001Iron Deficiency, %\*1.13.80.9165.916.70.1654.812.90.053Iron Deficiency Anemia, %\*4.300.6421.14.20.884−3.24.2\< 0.001Infections, %3.12.00.65025.325.00.81222.223.00.782Mental Development Index94.8 (9.6)93.0 (12.9)0.42199.1 (12.3)95.8 (8)0.2174.6 (13.1)2.5 (15.1)0.509Psychomotor Development Index85.7 (13.9)81.5 (10.1)0.14990.8 (12.8)86.6 (11.7)0.1465.4 (15.7)5.1 (12.8)0.936Data are expressed in Mean (SD) or in %\*In the variation from 6 to 12 months, a percentage close to zero or negative is a good result^\#^Geometric mean

Multiple regression models were performed for assessing the effect of the iron fortification on the mental (R^2^c.100 = 5.2; F92,1 = 6.025; *p* = 0.016) and psychomotor (R^2^c.100 = 11.4; F92,1 = 12.846; *p* = 0.001) development of children. The regression models were adjusted for possible confounders as follow: gender, socioeconomic level, serum ferritin and difference in BMI and head circumference from 6 to 12 months. No statistical significant effect of the intervention with formula milk fortified with high--Fe dose, compared with low--Fe dose, was found for both MDI (β = 4.53, SE = 2.89, *p* = 0.121) and PDI (β = 3.65, SE = 3.08, *p* = 0.239) in the multivariate analyses.

Discussion {#Sec8}
==========

Our comprehensive evaluation of the nutritional status of children took into account both anthropometry and biochemistry from birth. We assessed iron status with a wide battery of measures. It should be borne in mind that there are no clear normality criteria on the biochemical parameters of iron status in children. The international organizations recommend having observed the combination of two or three altered parameters to determine ID and IDA. However, serum ferritin is a very specific marker, the levels of which only diminish if iron stores are depleted \[[@CR35], [@CR36], [@CR39]\].

It is well documented \[[@CR40]--[@CR42]\] that SF physiologically declines throughout the first year of life. In our population, although this decrease is evident in both intervention groups from 6 to 12 months of age, it was less abrupt in children supplemented with 1.2 mg/100 mL than in those who received 0.4 mg/100 mL of iron. Similarly, even though several authors in European countries observed higher levels of SF after the intervention with iron \[[@CR13]\]--\[[@CR15], [@CR23], [@CR43]\], our results suggest that supplementation with iron doses within the dietary recommendations in healthy, well--fed children from a developed country improved their iron status, but it was not enough to replete the iron stores of children at 1 year of age. We also proposed the hypothesis, as some authors did previously \[[@CR5], [@CR10]\], that the physical development of children was conditioned by iron, given its implication in several physiological processes. In this case, contrary to what was hypothesized, our intervention had no effect on children's anthropometry, which reinforce some other findings \[[@CR15], [@CR23], [@CR24]\]. Recent reviews \[[@CR17], [@CR44]\] highlight that the knowledge about the effect of iron in the growth of children is still scarce and unclear. Beyond, the risk of infections following the iron fortification is a concern, keeping in mind that iron is an essential nutrient for the metabolism of some bacteria. About that, previous findings were in conflict \[[@CR45]\] but our results showed that the rate of infection was not significantly higher in the children fed with high--Fe milk than in those with low--Fe at 12 months.

Regarding the effect of iron fortification in young children on their neurodevelopment, the results made us to refuse our hypothesis, given that we did not see any benefit in the high--Fe group compared with low--Fe group. In fact, the scores obtained in bivariate analysis in both MDI and PDI of Bayley Scales were very similar between the two groups, which prevent us to determine if there was an impact of the supplemental iron dose on neurodevelopment. Previous studies showed contradictory results and some of them, coinciding with the present study, did not observe any positive effect of the supplementation with high doses of iron (within dietary recommendations). In this line, Sungthong et al. \[[@CR22]\] found no evidence that iron supplementation could improve school performance in 397 iron--deficient and anemic children in the Southeast Asian. In Turkey, Yalçin et al. \[[@CR24]\] reported the lack of benefit on cognitive development in nine--month--old infants after iron supplementation for 3 months. Another study \[[@CR23]\] with similar results was conducted in the United Kingdom in 493 healthy children at 18 months of age; the authors did not see any benefit in developmental outcomes in children fed with iron--supplemented formula, but did not exclude the hypothesis about the possibility that some benefit could arise at later ages or in those who were anemic. On the contrary, Lozoff et al. \[[@CR18]\] described in a review the benefits observed in mental functioning at 12 months of age after evaluating 1657 healthy Chilean children \[[@CR30]\] supplemented with similar iron doses (0.2--1.2 mg/100 mL) to ours. The review also gathered the studies of Friel et al. \[[@CR15]\] and Moffat et al. \[[@CR46]\] in Canada and Soewondo et al. \[[@CR47]\] in Indonesia, who concluded that iron supplementation resulted in beneficial effects for the development of the evaluated children, aged between 9 months and 5 years.

When observing the characteristics of the studies, it seems that the effect of the intervention may be related to the iron status of the children prior to supplementation and the socioeconomic characteristics of the family or environment. In this sense, a recent systematic review \[[@CR21]\] concluded that iron supplementation in childhood safely improves the mental and motor performance of young children, especially in low-- or middle--income countries. Similarly, the meta--analysis of Sachdev et al. \[[@CR48]\] showed a modest improvement on mental development in iron--deficient anemic children above 7 years of age after the iron supplementation. Thus, we suggest that the fact that our study was conducted in well--nourished children with a minute prevalence of ID in a developed country with a high--medium income could underlie the lack of effectiveness of our intervention. In addition, it is worth mentioning that in the present study, serum ferritin was measured at birth and was in the normal range; this indicates the good iron status of the babies at birth which is determined during the prenatal stage. In this sense, given cerebral maturation and the neurological developement of the child take place to a great extent during the prenatal period \[[@CR49], [@CR50]\], in healthy children with good iron status at birth, postnatal iron therapy may be unable to change the course of neurodevelopment. Moreover, the age of the evaluation could be another explanation for the disagreement of results in the available literature, as suggested in two Cochrane systematic reviews \[[@CR26], [@CR27]\] which recommended performing large randomized controlled trials with long--term follow--up for future investigations.

Strengths and limitations {#Sec9}
-------------------------

The follow--up losses were minimal (6.5%) thanks to the adherence visits at 3 and 9 months and a close monitoring of the infants. Despite that, the short follow--up time was perhaps the main limitation given some studies have been previously found an effect of iron supplementation in child neurodevelopment at later ages. The small sample size was another limitation of the study, which also could reduce the statistical power of our results. In this regard, based on the hypothesis that low doses of iron could be harmful to children's health, the sample size of high--Fe group was bigger than the low--Fe group. However, a larger low--Fe group would have improved the study and reinforced the obtained results.

Most of the studies published to date were carried out in developing countries or in iron--deficient children, so our results obtained in a developed country, are more appropriate to apply in a non--iron deficient population. Also in contrast to what is common, our intervention compared two suitable doses of iron while most authors have only contrasted the effect of one dose with placebo.

To assess the neurological development of children, we used the BSID--II, which was the current version at the time of the study, although it was later shown to present some errors to evaluate psychomotor development.

Conclusion {#Sec10}
==========

The present study adds to the body of knowledge on the prevalence of ID and IDA in children. It also provides new data on the effect of iron supplementation in children with doses within the dietary recommendations, at the hematological and neurobehavioral level. So, we can conclude that the intervention with infant formula enriched with iron at the maximum dose within the recommended range, from 6 to 12 months of age, did not show any effect on the neurological development of well--nourished children in a developed country at 12 months. Follow--up studies are needed to test for long--term neurodevelopmental improvement.
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